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m 1.0 Summary 
cs) 

w 
A conceptual design o f  a calorimeter i s  presented. 

a r e  derived and solved. An out-of-pile experiment i s  proposed t o  determine 
the  w a l l  heat t r ans fe r  coeff ic ient  and the  turbulence f ac to r  a, which re- 
lates t h e  bulk temperature t o  t h e  center l ine temperature. The calorimeter 
w i l l  be capable of operating continuously over a complete reactor  cycle a t  
f u l l  reac tor  power. 

The system equations 

2.0 Introduction 

The purpose of t h i s  paper is  t o  show the  ana ly t i ca l  bas i s  and conceptual 
-design of a gamma heating calorimeter which provides a continuous indicat ion 
o f  the  gamma heating throughout a reactor cycle a t  f u l l  power. 

In  what follows, the  concept i s  discussed first.  Then the equations 
governing the  system are  derived and solved. 
the  gamma heating equations a re  discussed. Also t he  number of thermocouples 

s ign which meets engineering constraints i s  proposed. 

Numerical methods of  solving 

r eq i~ i r ed  fer t h e  f n m n e r a f i l r n  ""*"y"'""w" nrnfi ~""'V 1 P fiiccijsced. F tna l lg  a prnc+;ical dp- 

3.0 Smbols 

A 

AH flow area, f t 2  

C 1 , C z , C 3  defined on p. 7 

cross sec t iona l  area of  f l o w  tube, f t 2  

spec i f ic  heat capacity of  water, Btu/( l b )  (OF) 

heat t r ans fe r  coeff ic ient ,  Btu/(hr) ( f t2 )  (OF) 
cP 

h 

defined on p. 10 

thermal conductivity of  f l o w  tube, Btu/( h r )  (f%> (OF) ' 
In  

K 

P inside perimeter of f l o w  tube, f t  
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d i f f e r e n t i a l  amount 
stream, Btu/hr 

d i f f e r e n t i a l  amount 

of heat 

of heat  

2 

t ransfkred from flow tube t o  f l u i d  

generated i n  f l u i d  stream, Btu/hr 

t o t a l  incremental heat gained (dqw + dqy), Btu/hr 

average heat generation r a t e  per un i t  volume, Btu/(hr) ( f t3)  

heat  generation r a t e  per un i t  volume a t  posi t ion 

Reynolds number, dimensionless 

average bulk water temperature, OF 

bulk water temperature a t  posit ion x, OF 

center l ine  temperature of flow stream, OF 

average surface temperature of flow tube, OF 

surface temperature a t  posit ion x, F 

x, Btu / (hr ) ( f t3)  

0 

thermocouple temperature, 0 F 

mass flow rate, lb/hr 

posi t ion i n  channel, f t  

turbulence fac tor ,  dimensionless 

defined on p. 8 

mass heat generation rate a t  posi t ion 

dummy var iab le  

time 

water density,  l b / f t3  

dens i ty  of flow tube, lb / f t3  

defined on p. 8 

x, watts/@ 

4.0 Concept 

A sketch of  t h e  calorimeter is  shown i n  figure 1. The idea i s  t o  
i n s e r t  a v e r t i c a l  flow tube in to  a Plum Brook Reactor beryll ium L-piece. 
A known mass flow of water moves down through t h e  tube, and the  temperatures 
of t h e  water and t h e  w a l l  are sensed as t h e  water traverses the  flow tube. 
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3 
When a l l  the  heat being generated i n  t he  tube is  t ransfer red  loca l ly  t o  
t h e  water, and when the  flow i s  known accurately,  it is  possible t o  con- 
s t r u c t  t he  gamma heating prof i le  i n  the  channel from the  measured temper- 
ature prof i les .  

Water i s  supplied t o  t he  flow tube a t  a known f l o w  r a t e  and temperature. 

The flow is adjusted and measured by a 
The water f l o w s  down through a tube t o  the  instrumented sect ion of the  f l o w  
tube which i s  located in  the  core. 
ca l ibra ted  flow meter located outside t h e  reactor  tank. 
from the  flow tube mixes with the  primary water ex i t ing  from the  reactor  core. 

Water exhausting 

Two concepts a re  examined. One is  a 'bulk r ise  calorimeter and the  other  

The bulk rise calorimeter works on ihe  pr inciple  t h a t  t he  buUr temper- 
ature r i s e  of a known water f low ra te  is  d i r e c t l y  proportional t o  t h e  t o t a l  
heat energy deposited and inversely proportional t o  the  mass flow rate. 

a f i l m  drop calorimeter. 

The f i l m  drop calorimeter works on the  pr inciple  t h a t  t he  l o c a l  f i l m  
drop i s  d i r e c t l y  proportional t o  the loca l  heat energy deposited and inverse- 
l y  proportional t o  t h e  loca l  heat t ransfer  coef f ic ien t  and surface area.  

The proposed calorimeter uses both concepts. Thermocouples i n  the  
water and on the  w a l l  allow the  determination of the  gamma heat by both 
methods. 

The calorimeter i s  designed t o  operate a t  high powers i n  the  PBR. In 
addition, t he  calorimeter can operate continuously over a complete reactor  
cycle, and thus give a continuous indication o f  what e f f ec t s  rod bank height 
and f u e l  burnup have on the  gamma heating. 

5.0 Derivation of Equations 

The following i s  a dqdva t ion  of t h e  coupled d i f f e r e n t i a l  and l i nea r  
equations which mathemaddcally describe t h e  calorimeter system. 
t o  describe the  w a l l  temierature, bulk temperature, and therhocouple temper- 
ature a r e  derived. 

Equations 

5 . 1  Wall (Temperature : 

Consider a small c i rcu lar  r i ng  of length 
Ax, with a cross sec t iona l  area A, an ins ide  
perimeter P and a wal l  thickness t. A s -  
sume the r i n g  i s  a material with a thermal con- 
duct ivi ty  K. An average volume heat  genera- 
t i o n  r a t e  %, between x and x + &, is  as- 
sumed t o  be deposit ing heat uniformly i n  the  
r ing,  The outs ide o f  t he  r ing  is  adiabat ic ,  
bu t  heat can en ter  o r  leave through e i t h e r  t h e  
l e f t -  or r ight-face by conduction. Heat may 
also leave the inside w a l l  by convection t o  a 

stream with an average (between x and x + Ax) reference temperature Tn. 
The heat  t ransfer  coef f ic ien t  h 
r i n g  and is  defined by, 

- 
i s  assumed constant over t he  length of t h e  
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&(A * Ax) 1 
P ' A X  (T - TB) h =  

- 
where T is  the average r ing  temperature. 

Since the  temperature of the  ring var ies  only i n  the x-direction, the 
d i f f e r e n t i a l  equation describing the temperature w i l l  be one-dimensional and 
may be derived by means of a simple heat balance: 

face during time face during time stream fluring 

- 
ae + &(A . &)ne = -m A6 + h(P Ax)(y - T,)@ 

X X + i b  

The der ivat ive 
terms of the der ivat ive a t  x: 

(dT/dx) I x+Ax can be expressed by the  mean value theorem i n  

X+@X 

where M is  a point somewhere between x and x+Ax. Subst i tut ing t h i s  i n  
equation (1) and rearranging we get ,  

( 2 )  

Now dividing through by (K A Ax) 
become vanishingly small forces  the  p o i n t  M t o  approach the  point x and 
T, TB, and a approach the  value of t h e  point x, giving 

and l e t t i n g  the  length & o f  t he  r i n g  

- 

d T x  a0 - [T(X) - Tg(X)] = - K ax2 
(3) 

If the  w a l l  i s  o f  uniform densi ty  
is  t h e  mass heat generation r a t e  a t  p o i n t  
w a l l  i s  then, 

p ~ ,  then Q(x) = pM r(K), where r ( x )  
x. The f i n a l  equation f o r  the  

UA. 

5 .2  Bulk Temperature : 

A s  t he  f l u i d  stream f l o w s  through the  r ing,  it picks up heat from the 
w a l l  through the  convective process (dq,. ne) and has heat generated in t e rna l ly  



t 

* -  

by t h e  mass heat generation r a t e  
dx about x, the  t o t a l  incremental heat gained (d% A0) i n  time A0 
is given as, 

(dqr Ae) .  I n  a small sect ion of length 

dqT A6 = dqw A6 + dqr Ae ( 5 )  

Now dqw 

dqw = hdA(Tw - TB) = h - Pdx(Tw - TB) 

is  determined from the def ini t ion of t h e  heat t r ans fe r  coeff ic ient ,  

and 

dqr = pH * r ( A H  - ax) 

where I? is  the  mass heat generation rate, AH i s  the  flow area, and pH 
is  t h e  densi ty  of water. Then equation (5) becomes, 

dqT A6 = [ hWx( Tw - TB) + p.$A$iX]Ae ( 6 )  

The heat  which is  added t o  the  water causes a temperature rise, dTB, which 
is  defined by, 

d% = w 9 C dTB P 
Combining equation ( 7 )  with equation (6 )  gives, 

WC dTB = hP d”(TW - TB) + p$AH dx, P 
which can be rearranged t o  give t h e  bulk temperature equation: 

( 7 )  

5.3 Thermocouple Temperature: 

With the  thermocouples located someQhere i n  the  channel, the  problem be- 
comes one o f  r e l a t i n g  the  thermocouple temperatures t o  t h e  bulk temperatures. 
A complete solut ion requires t h a t  t h e  temperature and ve loc i ty  p ro f i l e s  be 
known. Work done by Mart inel l i  [ ref .  3) under the  simplifying assumptions 
of temperature-independent water properties, well-developed turbulent  flow 
and t h e  Nikuradse ve loc i ty  p ro f i l e  has resu l ted  i n  a predicted r e l a t i o n  be- 
tween the  wall temperature, t h e  center l ine temperature, and t h e  bulk temper- 
ature. The r e l a t ion  between these three var iables  is  expressed as, 

Tw - TB a(Re, Pr) = 
Tw - Tc 

where CL is function o f  t he  Reynolds and Prandtl  numbers. 
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An invest igat ion of t h i s  re la t ion  over t he  range of Reynolds and Prandtl  
numbers f o r  the typ ica l  calorimeter design presented i n  Section 10 shows t h a t  
a. is  near ly  constant ( f i g .  2). The parameter a. is  then taken as a measure 
of turbulence, s ince as 
a. z 0.91, there  is  a predicted temperature difference of about 1 5 O  F between 
the  bulk and the  center l ine temperature ( f i g .  3)! This indicates  t he  gross 
e r ro r  which would be involved in  assuming t h a t  t he  center l ine  temperature i s  
t h e  same as  the  bulk temperature. 

T, -, TB, a +  1. For t h e  calorimeter design presented, 

If the  thermocouple is  positioned in  t h e  channel such t h a t  it i s  very 
near ly  reading the  bulk temperature then 
thus reduce t h i s  uncertainty.  Assuming t h a t  t h e  thermocouple is located some- 
where between the  w a l l  and the  center l ine of t he  channel such t h a t  t he  thermo- 
couple i s  reading approximately t h e  bulk temperature, then equation (10) 
becomes, 

a w i l l  be approximately 1 and 

where Tm is  t h e  assumed average water temperature and Tm z TB. Now i f  a 
i s  near ly  equal t o  1 and i s  a constant then equation (11) suggests t h e  l i nea r  
re la t ion ,  

Tm = ( 3 T B  .- (%)Tw 

Another source o f  error  arises when the  f l u i d  temperature is  measured. 
Disturbing influences o f  gamma heating and conduction i n  tne tnermocoupie 
i t s e l f  may cause the  thermocouple t o  read a d i f f e ren t  temperature than the  
stream temperature a t  the junction. For example, gamma heating i n  the  sen- 
s ing  t i p  w i l l  cause a temperature drop between t h e  sensing t i p  and the  stream. 
I n  addi t ion with t h e  thermocouple protruding from t h e  w a l l ,  any heat con- 
ducted dom the  thermocouple from the wal l  t o  t h e  sensing t i p  w i l l  tend t o  
raise the  indicated temperature even higher above t h e  stream temperature. 
Both e f f e c t s  can be analyzed ef fec t ive ly  by forming the  general model given 
by , 

TT = alT, + azTw + a3r 

The coef f ic ien ts  of t h i s  r e l a t ion  are dependent on thermocouple construction 
and on the  ca lcu la t iona l  model used t o  describe t h e  thermocouple. 

Eliminating Tm from equation (12) and equation (13) gives 

TT = CITw + CZTB + C3r 

where 
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. 
c2 = al/a 

C3 = a3 

Equation (14) expresses a l inear  re la t ion  between the  thermocouple tempera- 
ture 
t h e  gamma heating. 

TT, which w i l l  be measured, and t h e  w a l l  and bulk temperatures and 

The coef f ic ien ts  al, a2, and a3 can be determined ana ly t i ca l ly  once 
a physical model is  set up fo r  t h e  thermocouples. The parameter CL must 
be determined experimentally. 

6.0 Mathematical Description of t h e  System and i ts  Solution 

Equations (4), (9), and (14)  const i tute  a system of coupled d i f f e r e n t i a l  
and l i n e a r  equations : 

UA 

TT(x) = C ~ T W ( X )  4- CzTB(X) + cgr(x) (14) 

This system can be grea t ly  simplified if the  axial conduction of  heat i n  t h e  
w a l l  can be made negligible.  Physically, t h i s  w i l l  happen i f  t h e  conductivity, 
K, i s  low, the  area A i s  small, o r  t h e  heat t r ans fe r  coef f ic ien t  h i s  
very large.  In  order t o  determine whether t h e  axial  conductivity i n  t h e  
w a l l  could be neglected, a one-dimensional heat  t r ans fe r  calculat ion w a s  per- 
formed using t h e  proposed calorimeter design. The r e s u l t s  of  t h e  calcu- 
l a t i o n  i n  indicated that about 99 percent o f  t h e  heat generated i n  the  w a l l  
w a s  t ransfer red  r a d i a l l y  t o  t h e  stream. This proves t h a t  f o r  t h i s  p r t i c u -  
lar  calokimeter design neglect o f  the axial  conductivity introduces a very 
small error .  

If equation (4 )  i s  multiplied by KA and assuming t h a t  KA -B 0, then 
t h e  system becomes. 
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Eliminating T from equation (15) gives the following simplified system, F 7 

Integration gives the simplified integral equation, 

where 

Y =  

By differentiating equation (17), then integrating by parts, the final form 
of the solution for r ( x )  is, 

As can be noticed, the simplified system, equation (iSj, was recuced 
to an integral equation for l?(x), where the known temperatures were assumed 
to be those measured with the thermocouple protruding into the water stream. 
The system, equation (15), can also be solved for r ( x )  
wall temperature, giving, 

in terms of the 

Tw(x) = TB(xO) + (19) 

where 

Cp = [ @$~l/[hP] 

This could be solved for If both 
wall and channel temperatures are measured, then equations (17) and (19) can 
be solved for 

r ( x )  in the same manner as equation (18). 

F(x)  directly, giving: 



9 

The advantage of equation (20) is  t h a t  it does not contain t h e  param- 
eter a. 
If both w a l l  and water temperatures are monitored, then equation (20)  pro- 
vides a good means of obtaining 
of t h e  gamma heating i n  t h e  water ( pH, AH, l?(x)) . 

The only s igni f icant  nonlinearity i s  t h e  heat t r ans fe r  coeff ic ient .  

I'(x). Equation (20)  is also independent 

Finally,  thermocouples are t o  be placed a t  the  i n l e t  and a t  t h e  o u t l e t  
o f  t h e  calorimeter flow tube. Flow mixing devices before  these two thermo- 
couples insure t h a t  t h e  t o t a l  AT is measured accurately. The i n t e g r a l  of 
t h e  gamma heating down t h e  channel fs theh'obtained as1.a check on the  r e s u l t s  
from equations (18), (19), and (20). 

7.0 Numerical Methods of Solving the In t eg ra l  Equations 

There are two methods o f  solution which may b e  used for these equations. 
The first u t i l i z e s  t h e  closed form solut ion f o r  r(x) (eq. (18)). This 
equation w a s  derived under t h e  assumption that t h e  coef f ic ien ts  r and p 
are constant, or can be  considered constant with a small e r ro r  resul t ing.  
The second method involves an i t e r a t i v e  procedure and is a more d i r e c t  ap- 
proach, i n  t h a t  it operates d i r ec t ly  on the  in t eg ra l  equation (17) .  

Both methods require  that a temperature p ro f i l e  be measured. The sug- 
gested method of preparing t h i s  temperature p ro f i l e  from t h e  t a b l e  of d i s -  
c r e t e  measured values, which w i l l  be taken from the  thermocouples, is t o  
f irst  smooth the  experimental data  points. 
l y t i c a l l y .  Then, using a p lo t  o f  the smoothed data, solve f o r  l?(x). This 
has the e f f e c t  of removing random s c a t t e r  i n  the  thermocouple points  before  
t h e  e r ro r s  can be propagated i n t o  the solut ion f o r  

This may be accomplished ana- 

I'(x). 

, .  7.1'Solution o f ,  F(x) f a r  y-  and ' ' p  ConStant: 

For equally spaced data points located a dis tance Ax apart and taken 
from a smoothed p lo t  of t h e  measured temperature prof i le ,  equation (18) gives, 

The in t eg ra l  term can be wri t ten:  
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and by defining: In = Jxn e (‘1~)‘ TT(T)dz, equation (21)  becomes 

A recursion r e l a t i o n  expressing In+l i n  terms of In can be found 
For t he  trapezoidal ru le ,  method of numerical integrat ion is  chosen. 

( 2 2 )  

once a 

and 

By using equation (23)  and values of TT from t h e  smoothed curve con- 
construct a t a b l e  of values of 
complete p r o f i l e  of gamma heating values. 

In. Then using equation (22), construct a 

7.2 Solution of r ( x )  for r and p not Constant: 

Equation ( 1 7 )  can be rearranged t o  give, 

where : 

The method of so lu t ion  i s  t o  choose an i n i t i a l  a r b i t r a r y  function 
With t h i s  function under the  in t eg ra l  s ign  and a f t e r  performing t h e  i n -  

Po(x). 
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tegrat ion,  compute a revised function Tl(x) using the known temperature 
d i s t r ibu t ion  TT(x). Then i n s e r t  I’1(x) under t h e  in t eg ra l  sign and cal-  
cu la te  l? (x ) .  The se r i e s  o f  functions Fn(x) generated i n  t h i s  way should 
converge toward the f i n a l  s t ab le  value. The temperature dependence o f  r 
and p can a l so  be included i n  the  i t e r a t i o n  process. This method of solu- 
t i o n  r e s u l t s  i n  a Neumann se r i e s  of functions. 

8.0 Number of Thermocouples Required and Interpolat ion Technique 

The shape of t he  temperature prof i le  t o  be measured is  ( t o  a first ap- 
proximation) the same as the  integrated gamma heating shape shown i n  f igure  4. 
If t h i s  function is  d i f fe ren t ia ted  twice the  shape shown i n  f igure  5 r e su l t s .  
It can be seen from figure 5 tha t  t h i s  second der ivat ive o f  t he  temperature 
p r o f i l e  can be approximated by s t r a igh t  l i n e  segments. 

If  the  second der ivat ive o f  a function i s  a s t r a i g h t  l ine ,  t h i s  can then 
be expressed as 

In tegra t ing  equation ( 25) twice gives , 
T = a x3 + a x2 + a x + a. (26) 3 2 1 

Thus, t he  temperature p ro f i l e  can be approximated i n  piece-wise segments by 
cubic equations. Each cubic equation reguires coef f ic ien ts  (a 
t o  be specif ied completely. 
making measurements a t  f o u r  d i s t i nc t  points  and solving the r e su l t i ng  four 
simultaneous l i nea r  equations f o r  (a3, a2, al, ao). 

e r ror  associated w i t h  it. 
some means of reducing the e f f ec t s  o f  t h i s  e r ro r  i s  desired. 
doing t h i s  is  t o  perform a least squares analysis  on the data. 
that  the  number o f  measurements exceed that number which is  exact ly  required 
f o r  a mathematical descr ipt ion o f  t h e  system, t h a t  is, t h a t  t h e  system be 
over -det ermined. 

These f o u r  coef f ic ien ts  can be 

It is  assumed tha t  any measurement of temperature w i l l  have some random 
The amount o f  e r ro r  is  not known i n  advance, but 

A method f o r  
This requires  

For the temperature p ro f i l e s  i n  t h i s  experiment, f i v e  measurements over 
any of t h e  s t r a i g h t  l i n e  segments discussed above will give a s l i g h t l y  over- 
determined system. 
sho r t e s t  l i n e  segment as shown i n  figure 5. 
case with the  l i n e  segment running between +4-in. and -2-in., or over a 
6-in. length, which would indicate  a maximum thermocouple spacing of 1.25 
inches. 

Then a t  least f ive  measurements must be made over t h e  
This would be f o r  the rods-in 

Since the s t r a igh t - l i ne  segments i n  f igure  5 s h i f t  a s  a function of 
bank height,  the least squares method o f  f i t t i n g  t o  preselected l i n e  seg- 
ments is inadequate f o r  p rac t i ca l  application t o  t h i s  experiment. The ar- 
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gument f o r  t he  amount of points required t o  perform a s u c c e s s l l  least 
squares f i t  ( o r  t o  have a s l i g h t l y  over determined system) is s t i l l  va l id  
but  a b e t t e r  method of  eliminating the random e r r o r  is  required. 
least squares smoothing i s  performed over l i n e  segments, it i s  known as 
smoothing-in-the-small, while if performed over t h e  e n t i r e  curve it i s  
known as smoothing-in-the-large. For smoothing-in-the-large, a l l  the  empir- 
i c a l  da ta  is  expanded i n  a s e r i e s  of orthogonal functions, such as a Fourier 
Ser ies .  If a Fourier Ser ies  is  used, spec ia l  techniques a re  ava i lab le  t o  
quarantee very rapid convergence of  t h e  se r i e s  (coeff ic ients  decrease as 
n-3). To remove the  random data sca t te r ,  t he  series is  truncated a t  t h e  
p i n t  where t h e  s e r i e s  coef f ic ien ts  cease t o  follow t h e  n-3 l a w  and be- 
come randomly d is t r ibu ted  in  amplitude. When t h e  random amplitude terms 
a r e  re jected,  so i s  most of t h e  noise. 

If t h e  

A requirement of t he  application of t he  Fourier Ser ies  technique of 
smoothing-in-the-large i s  that the  d a t a  points be equally spaced. 
the  data  s l i g h t l y  over-determined it is  necessary t o  have t h e  thermocouples 
spaced no f a r the r  apart than 1.25 inches. 
from +16-in. t o  -18-in., referenced t o  the  core horizontal  midplane, it i s  
necessary t o  have a minimum of 2 8  wall thermocouples and 28 thermocouples 
located i n  t h e  channel stream. 

To have 

Thus over t h e  region of i n t e re s t ,  

The proposed method of data reduction i s  as follows: 

(1) Perform a Fourier analysis  on the  thermocouple data  points and 
t runca te  t h e  series t o  remove most o f  t he  noise o r  experimental s ca t t e r .  

( 2 )  U s e  the  truncated Fourier series t o  p lo t  a smoothed curve f o r  t he  
.LA....-- b = l u p e r & t ' i i r e  p ro f t l e  . 

(3) U s e  t he  smoothed temperature p ro f i l e  t o  ca lcu la te  t h e  gamma heating 
d i s t r ibu t ion  using equations ( Z O ) ,  (22), o r  (24). 

The main advantage of smoothing t h e  data ana ly t i ca l ly  r a the r  than by 
eye is t o  ge t  a quant i ta t ive  measure of t he  noise i n  t h e  system. This can 
be interpreted as a measure o f  system performance. 

9.0 Experiment t o  Determine OL and h 

The proposed out-of-pile experiment would use an e l e c t r i c a l l y  heated 
flow tube h a v h g  the  same dimensions as the  in-p i le  f l o w  tube. 
would be v e r t i c a l l y  oriented with water pumped through it a t  a known mass 
f l o w  rate. 

The tube 

E lec t r i ca l ly  heating the  flow tube w i l l  provide a constant heat f lux  
given by, 

is t he  t o t a l  heat  Inp'dt along t h e  , .% vhere P I s  t he  wetted pzrlmeter 
heated length o f  t h e  tube and L is t h e  heated length. 
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This constant 
give a l i nea r  bulk 

heat flux, with no a x i a l  conduction i n  the  tube, w i l l  
temperature r i s e :  

I 

r 7 
b f  - Tb(X0)  

TB(x) = TB(Xo> + I' (xxl - xo 
where (xf - xo) = L i s  the  heated length. 

To determine h, use the  def in i t ion  of t he  heat 

h(x)  = T,(x) - T ~ ( x )  

Subst i tut ing equation (28 )  in to  (29)  gives 

The parameter CL, assuming the  coupling between 
couple i s  negl igible ,  can be determined by noting 

c1 = ( a  - l)/a 
c2 = l / a  

c = o  

This implies t h a t  
3 

TT = Tm. 

Then from t h e  bas ic  def in i t ion  o f  a, 

t r ans fe r  coef f ic ien t  

(29)  

t h e  w a l l  and t h e  thermo- 

The experiment requires  t h a t  temperature p ro f i l e s  be taken down t h e  w a l l  
and i n  the  channel stream a t  a number o f  flow and heating rates. a and 
h would be correlated f o r  each posit ion (x). 

10. Typical Calorimeter Design 

The problem of recovering t h e  gamma heating from the  calorimeter can 
be solved only i f  the  following design cons t ra in ts  are true. These are: 
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(a)  Flow i s  turbulent  which gives a reasonably l a rge  heat t r ans fe r  coef- 
f i c i e n t  and insures complete mixing of the  bulk water. 

( b )  The tube w a l l  is  t h i n  enough t o  make a x i a l  conduction negl igible .  i 
( c )  The tube w a l l  i s  large enough t o  have most of t he  heat ( 4 0  percent) 

produced i n  the  walls ra ther  than i n  the coolant water. 

(a) The tube should be small i n  diameter so  t h a t  t h e  l o c a l  var ia t ion  i n  
gamma heating across t h e  tube is s m a l l .  However, t he  ins ide  diameter of t h e  
tube cannot be too s m a l l  s ince clad thermocouples must extend v e r t i c a l l y  
from t h e  wall i n t o  t h e  stream. If the wetted length of the  thermocouples i s  
too short ,  t h e  wall temperature w i l l  have a dis turbing influence on the  
thermocouples. 

( e )  The thermocouples should be as s m a l l  i n  diameter as possible t o  r e -  
duce t h e  e f f ec t  of d i r e c t  gamma heating i n  them. 
enough together t o  guarantee good data analysis  i n  t h e  presence of experi- 
mental e r ro r .  

They should be spaced close 

( f )  The wall  temperature must not exceed sa tura t ion  temperature. 

(g )  Flow requirements must be capable of being met by t h e  30 ps ia  AP 
which is avai lable  across t h e  r ing  header. 

( h )  The secondary heating e f fec ts  must be s m a l l .  

T b -  -u-4-rrnmnn+ on-qrmnA +- n.r;e+ Cnv. + h i e  
cllvIIvluIIcLLu aaau,LGu uv I.vA VLILU calcrimeter clesigr, VZLS the 

gamma heating i n  LA-7 a t  60 MW, as shown i n  f igure  6. 
i s f i e s  t h e  above constraints  i s  given below: 

A design which sat- 

( a )  The flow through the  calorimeter i s  driven from t h e  r ing  header. 

Water flows through t h e  v e r t i c a l  tube and 
The flow i s  regulated from above t h e  tank, where the  mass flow r a t e  and i n l e t  
bulk temperature a re  measured. 
exhausts i n t o  the  core e x i t  stream. The nominal mass flow r a t e  i s  438 lb/hr .  

(b )  The flow tube i s  constructed of s t a i n l e s s  s t e e l .  The tube has an 
ins ide  diameter of 0.375-inches and an outs ide diameter of 0.572-inches. 
Wall thickness i s  0.0985-inches. 
nominal ve loc i ty  i n  the  tube is  2.58-ft/sec. The Reynolds number var ies  
from 15 800 a t  the  assumed i n l e t  temperature t o  29 600 a t  t h e  elevated o u t l e t  
f i l m  temperature. 

A t  the  mass flow rate of 438 lb/hr,  t h e  

( c )  The bulk i n l e t  temperature is 135' F. The t o t a l  bulk r i s e  is  approx- 
imately 70° F. 



( d )  The heat t r ans fe r  coefficient varies down t h e  channel from a value 
a t  the  i n l e t  t o  1234 Btu/( hY) ( f t2)  (OF) a t  t h e  hot o f  904 Btu/(hr) ( f t2 )  (OF) 

spot,  based on t h e  f i lm temperature and the  modified Colburn r e l a t i o n  
0.8 

(NIT)f = 0.023 ( R e ) f  

(e)  The w a l l  temperature i s  about 308' F a t  the  hot spot, using t h e  nom- 
i n a l  mass flow rate o f  438 lb/hr (saturat ion temperature is  approximately 
330' F a t  the  o u t l e t  pressure).  
jus ted  t o  keep the  measured w a l l  temperatures below saturat ion.  

In  practice,  the  flow w i l l  be manually a d -  

( f )  The secondary gamma e f fec t s  w i l l  be approximately 10 percent of t h e  
primary gamma heating. 

Figure 3 is  a p lo t  of t he  nominal w a l l ,  bulk, and center l ine  temperatures 
down t h e  channel. 
e t e r s  as functions o f  t h e  w a l l  and bulk temperatures down t h e  channel f o r  t h i s  
design. 

Figure 7 shows some of the  temperature dependent param- 

The annular space between t h e  flow tube and the containment can is  evac- 
uated t o  eliminate conduction and convection heat  loss from t h e  f l o w  tube 
t o  t h e  containment can. The temperatures of t he  clad thermocouples are en- 
t i r e l y  dependent upon rad ian t  heat t ransfer .  Calculations with E = 0.10 
of t h e  s t a i n l e s s  s t e e l  clad give a temperature of 20200 F f o r  t h e  clad a t  
t h e  hot  spot, which is  excessively high. If the cladding were plated with 
platinum ( E  = 0.97), t he  r e su l t i ng  temperature would be 953O F, which is  
much more acceptable. 
be plated with platinum or other material  of high emissivi ty  where they pass 
tk.,-~u& t h e  e-mczztec? s p z e .  

Thus it is imperative t h a t  t h e  clad thermocouple leads 

11.0 Calorimeter Accuracy 

The accuracy o f  t he  calorimeter results depends on t h e  a b i l i t y  t o  mea- 
sure t h e  heat t r ans fe r  coef f ic ien t  h and t h e  turbulence f ac to r  a i n  t h e  
out-of-pile experiment. 
t h e  w a l l  temperatures during both the in-p i le  and the  out-of-pile experiments. 
The l a rges t  error involved i n  determining w i l l  be i n  t h e  determination 
of h and a. It was determined tha t  if equation (20)  were u t i l i z e d  i n  
determining I'(x), t he  accuracy of  the  gamma heat ing would depend mostly on 
how accurately h and a can be determined. For example, i f  a 10 percent 
error  exis ted i n  both h and a, the t o t a l  e r r o r  i n - t h e  gamma heating would 
be about 14 percent. 

It a l s o  depends on t h e  measurement of t h e  water and 

r (x)  

If the  thermocouple i s  positioned i n  t h e  channel stream such t h a t  it 
is  very near ly  reading t h e  bulk temperature, then a w i l l  be approximately 
1. This w i l l  reduce t h i s  uncertainty t o  a f e w  percent. The e r ro r s  involved 
i n  determining t h e  heat t r ans fe r  coefficient w i l l  be the  e l e c t r i c a l  heat  in-  
put, t h e  mass f l o w  ra te ,  t he  tube dimensions, t he  thermocouple readings, and 
and t h e  physical propert ies  of water. 
ozt-of -pile data  fit vhatever correlat icns  &re used. 

It a l so  depends on how closely t h e  
For the olxbcf-pile 
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t es t  t h e  e l e c t r i c a l  heat input can be determined t o  within 5 percent by in- 
duction heating. 
t o  within 2 t o  3 percent. The thermocouples can be cal ibrated t o  within a 
f e w  t en ths  of a degree. 
than 10 percent i n  h. 

For t h e  3/8-in. I D  tube t h e  mass flow rate can be measured 

It seems reasonable t o  expect an uncertainty o f  less 

The uncertainty f i n a l l y  quoted after in-p i le  measurements a r e  done w i l l  
depend a l o t  on how well  the  3 sets o f  data (from f i l m  drop, bulk rise, and 
i n t e g r a l  bulk) agree. 
confidence) is  expected, while considerably b e t t e r  accuracy i s  possible i f  
a l l  t h e  data, in-  and out-of-pile, agree. 

But an uncertainty o f  10 t o  15 percent (95 percent 
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